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Convergent beam diffraction patterns from a bcc blue-phase (I) monocrystal in an electric field ap-
plied in the [110] direction show this twofold axis transforming through an orthorhombic distortion to
become, at a critical field, the fourfold axis of a tetragonal crystal. The implication on structures of blue
phase I is important. Although the transition is weakly first order because the two order parameters
describing it are coupled, the diffraction pattern changes continuously through the transition.

PACS numbers: 61.30.Gd, 61.30.Jf, 64.70.Md

Blue phases (BP’s) are an example of a condensed-
matter system involving a network of defects.! They
occur in a small temperature interval between the frus-
trated? cholesteric liquid-crystal phase and the isotropic
liquid phase when the pitch is smaller than about 5000
A. Cholesterics are frustrated because the locally favor-
able structure, called double twist,? is globally unfavor-
able. Blue phases are the compromise structures that re-
lieve this frustration; thus their study is of substantial in-
terest to the physics of the condensed state as a whole.'

The three blue phases,! BP-1, BP-II, and BP-III, are
optically active but isotropic. The diffraction features of
the BP (typically three sharp lines in the visible range
for BP-I, two for BP-II, and one broad band for BP-I11)
and shapes of single crystals grown in contact with the
isotropic liquid phase are consistent with a bcc [0®
(14,32)]1 structure for BP-I, a simple cubic [0?
(P4,32)] structure for BP-II, and an amorphous or
liquidlike structure for BP-III, also known as the blue
fog. Kossel diagrams, single-crystal diffraction patterns
formed by a converging light source,* confirm these as-
signments and provide quantitative information on blue-
phase electric-field-induced structural transitions.>~°

Electric-field-induced structural transitions in blue
phases were first considered by Hornreich, Kugler, and
Shtrikman,’ who predicted the hexagonal structure to be
more stable in an electric field than the cubic structure
in blue phases of cholesteric phases with positive dielec-
tric anisotropy. This was recently confirmed by Pieran-
ski, Cladis, and Barbet-Massin%, however, they observed
more electric-field-induced structural transitions than
just cubic to hexagonal. For example, in a 49.8% mix-
ture of CB15 in E9,° the simple cubic phase of BP-II,
oriented with its fourfold axis parallel to the field,
transformed first to an unpredicted phase of tetragonal
symmetry temporarily called BP-X, then to an unpre-

dicted hexagonal phase where the ¢ axis was a screw
axis, then finally to the predicted hexagonal phase of
Hornreich, Kugler, and Shtrikman.’ These conclusions
were based on observations of changes in the morphology
of single crystals in contact with the isotropic liquid.
More recently, Kossel diagrams of single crystals of
these blue phases confirmed their symmetry in an unam-
biguous way’ and led to the discovery of the bcc to
tetragonal electric-field-induced transition in the BP-I
phase of a 42.5% mixture of CB15 in E9 reported here.

Kossel rings are observed in the focal plane of the mi-
croscope objective. This is achieved by simple insertion
of the Bertrand lens, standard equipment on most micro-
scopes, or by removal of an eyepiece and insertion of a
telescope to view the focal plane of the objective, when
there is no Bertrand lens. The pattern of the rings gives
direct evidence of the symmetry of a structure.*’ Figure
1(a), shows the typical pattern for a bee crystal when the
[110] crystal axis is along the direction of observation.
The larger curves identified specifically in Fig. 2(a) are
circular arcs of diffraction around the [011], [101],
[011], and [101] poles. These poles and the diffraction
ring around the central [110] pole are not observed since
the angular aperture is too small and only part of the
Kossel diagram is visible. The rings with the smaller ra-
dius of curvature are diffraction circles around the [200]
and [020] poles, respectively. The pattern clearly shows
the twofold symmetry of the [110] planes of a body-
centered-cubic crystal. Furthermore, these patterns are
different for other cubic crystals.

Figure 2(a) shows the parameters &; that we measure
from the Kossel diagrams and relate to real-space lattice
constants. In Fig. 1(a), the larger rings intersect at four
points. 2¢&; is the longer and 2&; the shorter distance be-
tween two opposite intersection points [see Fig. 2(a)l.
2&; is the distance between [200] and [020] rings. For a
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=2(a/b)siny—1, and n,~2(a/b)cosy, are needed to
completely describe this deformation. 17, describes
changes in the a plane perpendicular to the field and 7,
measures changes in the direction of the field.

In terms of these parameters [Eq. (1)1, we find that
cotés=2(a/b)siny=1+n~&/E and &(E)=¢&(0)
+n/4—y. Thus, y is determined by measurement of &;
in absolute units. &; measures the ratio of the two sides
of the [110] face. For a bec crystal cotés =+v2. We find
coté4=1.43 when E =0, within experimental error.

Figure 3(b) shows y and a/b versus the voltage ap-
plied across a 38-um sample as deduced from Fig. 3(a).
In the figure, y approaches the transition continuously
whereas a/b is discontinuous.

The tetragonal-orthorhombic transition can be com-
pletely described in terms of two elastic order parame-
ters!! 1, and 7, defined above and, in general, by com-
ponents of a deformation tensor e;; of the tetragonal unit
cell. When z is parallel to the fourfold axis, 17;=exx
—eyy, and 1y =e,x+e,, —2e,;. In the tetragonal phase,
E>E. nm=0. At E. the 422 (D4) point symmetry of
the tetragonal phase is broken and replaced by the 222
(D,) point symmetry of the orthorhombic phase so that
1m1#0. The free energy F is even in n; by symmetry:

Fiy=ant+ponit+ - -. )

At E., a=0. Here the analog of temperature is £ and a
is the elastic constant (Cy; —Cj3)/4. The energy to dis-
tort the unit cell in the direction parallel to the field is

Fy=Fo+ (1/20)n3. 3)

Here, 1/2X is the elastic constant (C;;+Cj;—4C3
+2C33)/9. Because 7 is an invariant of the 422 point
group, there is a coupling between the two order parame-
ters, n; and 1, that to lowest order is of the form

F12=_FT]?1)2, r>0. (4)

The total energy, F =F;+F,;+F|,, is now seen to be
identical to the familiar'? nematic-smectic-A4 transition
when the layer order parameter y is coupled to the
orientational order parameter S, or the Bean-Rodbell
magnetic transition where magnetization is coupled to
lattice deformations.!> In our case, n, is analogous to
w/magnetization and n; to S/lattice deformations. As de
Gennes has shown,'? the presence of F), renormalizes
the coefficient of the fourth-order term to g =pgo — AT%/2.
Thus, B may be negative for large enough X and I'.

A negative B, of course, means that the transition is
first order and higher-order terms must be included in

FIG. 3. (a) Variation of the k-space structural parameters
as a function of the electric field. (b) Variation of the real-
space structural parameters as a function of electric field. (c)
Variation of the elastic order parameter, 7, as a function of
electric field.
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Eq. (2). Bean and Rodbell'? have explicitly calculated a
parameter proportional to 1 —B. By comparison of the
variation with field of 7, =coté4—1 in Fig. 3(c) with
their theoretical estimates for the magnetization as a
function of temperature, the tetragonal-orthorhombic
transition seems weakly first order. B is slightly negative
or the Bean-Rodbell parameter is about 1.3.

The occurrence of the tetragonal phase has the follow-
ing important implication on BP-I structures. While the
fundamental idea®? that double twist relieves cholesteric
frustration is indisputable, detailed models with extended
objects like double-twist cylinders threading many unit
cells' may not be the building block of BP-I. The
reason is that an O® model built of rigid double-twist
cylinders does not have tetragonal symmetry when de-
formed in the way we just described. Under such a de-
formation, its twofold axis remains a twofold axis.

Additional evidence that the structure has indeed
undergone a phase transition to the tetragonal phase is
found when the fct monocrystal transforms back to the
distorted cubic phase. When the field is decreased to
below E., in general, domains separated by grain boun-
daries corresponding to both signs of 7; occur. One
domain may eventually be favored and a bcc monocrys-
tal is again recovered.

In conclusion, using Kossel diagrams, we showed that
an increasing electric field applied parallel to the [110]
direction of a bcc monocrystal of BP-I transforms this
twofold axis into the fourfold axis of a face-centered-
tetragonal crystal at a critical field. The transition is
characterized by a continuous deformation of the unit
cell but is weakly first order because of a Bean-Robbell
coupling between the two order parameters describing
the transition. Although weakly first order, the Kossel
rings evolve continuously through the transition. This
implies that the network of defects in the bcc phase is
continuously transformable to the network of defects in
the tetragonal phase. Since there is no way to deform an
O?® arrangement of rigid double-twist cylinders in a way
that the twofold axis of the bcc crystal becomes the four-
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fold axis of the tetragonal crystal, they may not be the
basic building block of BP-I. Other double-twist struc-
tures must be found.
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FIG. 1. Kossel diagrams of the [110] direction of BP-I as a
function of increasing field strength. In (a)-(c) the wave-
length is 529 nm and in (d) it is 496 nm. The field is applied
in the [110] direction and the sample is 38 um thick. (a) ¥ =0
V,b) V=70V, (c) V=V.=90 V,and (d) V=100 V.



